In the study described here we examine the importance of social tags in the emergence and maintenance of signaling, using the Sir Philip Sydney Game. We use tags in the calculation of inclusive fitness for members in a finite population, and analyze their evolution under different population distributions. We support the claim that inclusive fitness theory may not be sufficient to explain the evolution of cooperation. While cooperativity through honest signaling is sometimes achieved with tag-based relatedness, we suggest that the importance of tag-based mechanisms may not simply be due to their role in kin selection.
INTRODUCTION
The emergence and maintenance of signaling has been a subject of interest in many fields including the social and biological sciences. Computational studies incorporate theory from these fields into studies of the evolution of communication; for an extensive review on this subject see [22] . Many forms of sociality rely on communication. Consider the specific form of sociality seen in eusocial organisms; eusocial organisms such as ants and bees establish reproductive castes and exhibit trophallaxis (food sharing) amongst other traits [23] . These organisms are known to communicate via Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. GECCO'12 Companion, July 7-11, 2012, Philadelphia, PA, USA. Copyright 2012 ACM 978-1-4503-1178-6/12/07 ...$10.00.
various signaling systems. The relationship between signaling and trophallactic behavior, altruistic food sharing, is of particular interest within the scope of this study.
Models of honest signaling have been developed and applied to food sharing between offspring and parents for mammals and birds [19, 12, 1] , as well as insects [16] . In these models, variation in intensities of need trigger different begging behaviors on the part of offspring, while varying costs and benefits of food sharing trigger different donation behaviors on the part of the parents. Although some models of signaling are limited to the effect of intensities of need, signal, and donation costs [10] , the majority of the studies that have been embraced within the biological literature also account for the relatedness between signaler and donor [19] . This relatedness is based upon an idea called, inclusive fitness [7] , which has been one of the primary tools for explaining how such altruistic behavior could emerge. One of the key reasons that inclusive fitness theory has been widely used is the simplicity of Hamilton's rule rB > C where r is the genetic relatedness of the recipient to the donor, B is the benefit to the recipient, and C is the cost of donation to the donor. However, the theory of inclusive fitness has recently been weakened by a number of counterarguments [15] . These counter-arguments include: a lack of mathematical relationship to population genetics, misinterpretation of other dynamics (such as spatial interactions) as the r component of Hamilton's rule, and a failure to explain more than a subset of eusocial interactions.
Another topic of interest extending from this question includes social tags [9] , which can be described as markings, arbitrary characteristics or phenotypic qualities enabling members in a population to recognize similarities among each other. In the past, there have been studies relating tags to the emergence of cooperation [17] . The underlying explanation for this relation comes from indirect reciprocity, described as the increased probability of receiving help from others when an individual helps a random member in their population. Additionally, in iterated games such as prisoner's dilemma and snowdrift, tags are known to promote cooperation [5, 4] .
In the context of cooperation games, where there is a donor and recipient, cooperation involves donation and is measured as a function of donation rate [17, 20] . In a broader sense, however, cooperation is the process by which individuals appearing to be selfish work together for an overall net gain in the system. While Nowak et al. suggest that the genetic relatedness component of inclusive fitness theory may be mistaken for dynamics other than kinship (i.e. within spatial models), work on the emergence of collective behavior with tags in a spatial domain continues to lend credence to the importance of tag-based cooperation [21] . In this study, we investigate the effect of tags on the dynamics of signaling when coevolving trophallactic strategies and tagbased relatedness. In the context of trophallactic strategies in eusocial organisms, communal fidelity is crucial. In these type of societies deceptive signals are not beneficial to the system as a whole. Therefore, we consider whether a tagbased mechanism eases the reachability of honest signaling equilibria from a variety of initial conditions. We find that tags can only be successful for a subset of the conditions tested. For a majority of cases, instead of pushing the system towards honest signaling, tags favor uncommunicative behavior.
SIR PHILIP SIDNEY GAME
The Sir Philip Sidney (SPS) game was developed by John Maynard Smith as a model of costly signals [19] . It is an extensive form game between two players. The importance of costly signals is based upon Zahavi's handicap principle [24] which states that reliable signals are costly with respect to the signaler's ecological context. This cost is explicitly introduced as a fitness penalty in the SPS game.
The SPS game is played for a single round between two players: a signaler and a donor. The signaler may be in one of two states: thirsty or healthy. The probability of the signaler being thirsty is m. A thirsty signaler has a fitness of (1 − a), and a healthy signaler has a fitness of (1 − b) . In all cases a > b. The strategy of the signaler specifies whether it signals in either, both, or neither states. It costs the signaler c to transmit a signal. In response to receiving a signal, the donor decides whether or not to donate to the signaler. Donation comes at a cost, d, to the donor, but heals the signaler to a fitness of 1. Furthermore, a relatedness term, r, is introduced which accounts for the opponent in the inclusive fitness of each player. Labels for signaler and donor strategies are listed in Tables 1(b) and 1(c), respectively. For example, in a game between ST and DS, if thirsty the signaler will transmit a signal and in response the donor donates. The signaler's fitness is (1 − c + r(1 − d)) and the donor's fitness is (1 − d + r(1 − c)). If the game was played between ST and DQ, then if thirsty the signaler transmits a signal and the donor does not donate. The signaler's fitness is (1 − a − c + r) and the donor's fitness is (1 + r(1 − a − c)). The payoff matrix is shown in table 1.
The key distinction between other games and and the SPS game is the use of inclusive fitness, adding the opponent's payoff weighted by a "relatedness" term, r. Relatedness accounts for the fact that if a player's opponent is related to the player, then benefits to the opponent also benefit the player. This makes it possible for cost-free signals to be evolutionarily stable when the game is played between relatives [13, 2] . However, the ratio of cost of donation to the benefit of assistance limits the stability of these equilibria, hence it is concluded that cost-free signals may be stable when donation is inexpensive relative to the benefit of assistance [13] . In games modeling cooperation [17] the ratio of benefit to donation must be greater than 1.
Non-communicative Equilibria
In this study we are interested in honest signaling. While there are multiple combinations of signaler and donor strategies that do not transfer information, we will be particularly interested in the SN and DN combination of strategies, because this pairing is a Nash equilirium that is always present in the SPS game. Bergstrom and Lachmann [1] have shown the SN and DN pair to be a Nash equilibrium if
Huttegger and Zollman [11] note that reversing the inequality leads to the SN and DA pair of strategies being a Nash equilibrium. They refer to these as "pooling equilibria."
Signaling Equilibria
One of most commonly studied type of equilibria in signaling games with costly signals is the signaling ESS, sometimes referred to as separating equilibria. In these equilibria the ST and DS strategies are dominant. Bergstrom and Lachmann [1] show this is a Nash equilibrium when
We will refer to this type of signaling equilibrium as the honest signaling equilibrium. We have previously investigated the emergence of this type of equilibria from noncommunicative origins [8] .
TAGS
Tags are phenotypic characteristics enabling individuals to identify similarities between each other. In previous studies, the mechanics behind tags have included several different implementations. Some experiments used multidimensional tags, represented as bit strings with Hamming distance or exact tag matching [3, 6] . Other alternatives use real-valued tags and tolerance levels to tags [17] . In Riolo's implementation each agent in the population has a tag value and a tolerance threshold. At each generation, every agent acts as a potential donor with a set number of recipients chosen at random. If the tag difference between a donor/recipient pair is within the donor's tolerance threshold, they donate, paying cost c and the recipient gains benefit b. Typical values for b and c are 1.0 and 0.1, respectively. Selection is based upon randomly choosing two agents and giving the one with a higher score some number of offsprings. In Riolo's model, both tag values and thresholds coevolve with a mutation rate of 0.1. The game is symmetric such that each agent plays the role of the donor and the recipient. Spector and Klein extend Riolo's work to multi-dimensional real-valued tags [20] .
In our experiments, we use one dimensional real-valued tags. We are mainly interested in the coevolution of tags and player strategies. In the context of the SPS game, tags become relevant when we consider the relatedness term, r. It is used for inclusive fitness, where a player's score is the sum of their own payoff and the opponent's payoff weighted by r. This implies that if a player's opponent is highly related to the player through a high r value, benefits to the opponent are more beneficial to the player. Nevertheless, the relatedness term has different implications from the donor's and signaler's perspectives. Donors prefer to help those they are closely related to, while signalers prefer to receive donations from those they are less related to. Other than this main distinction between signaling games and the SPS game, we also note that the players are either donors or signalers, represented as two separate populations in our study. In Riolo's tag based mechanism, players play both roles.
EXPERIMENTS
When evaluating finite populations we employ a simple genetic algorithm [14] . In both populations individuals are represented as integers between 1 and 4 representing the strategies listed in Tables 1(c) and 1(b). Strategies are mutated with a probability of 0.05, and no crossover is used. Mutation is perfomed by replacing an individual with a randomly generated strategy. Each individual plays 50 games against randomly selected individuals from the opposing population, and the average score of these games is treated as the individual's fitness.
The populations are of size 100, and are evolved for 5,000 generations. The genetic algorithm is run on 25 parameter sets, with 100 repeats per set. Parameters are generated to satisfy the previously described conditions for honest signaling equilibria. Additionally, each parameter set is tested with a continuous model initialized with uniform population distributions, using the discrete time replicator equation [18] . The motivation behind this is to confirm the accessibility of reaching the honest signaling equilibria from a given parameter set. If a set of parameters does not lead to the honest signaling equilibria within 5,000 generations, another set of honest signaling parameters is tested. This process was iterated to produce the 25 parameter sets used in these experiments.
We run our parameters on the finite populations with 3 different population distributions. For a uniform distribution, we represent all strategies equally in the population. For a signalling distribution, we initialize the populations with primarily ST and DS (97% of the population), and small fractions of the remaining strategies (1%). For a nonsignaling distribution, the populations are initialized with non-signaler and non-donors (97% of the population), and equally distributed strategies among the rest (1%).
Tags are used when calculating the scores of individuals in the genetic algorithm. Each member of the two populations, signalers and donors, has a tag-value, t [0, 1]. When calculating the average score for a given donor/signaler pair at any time, r is defined as (1 − |tD−tS|). Tags are mutated with a probability of 0.10, and no crossover is used. Mutation is achieved by replacing an individual's tag with a randomly generated number from a uniform distribution.
Natural selection is applied via tournament selection. We ensure that all individuals have an equal opportunity to compete by constructing tournaments with random permutations of the population. For all experiments, we use a tournament size of 7.
Analysis of Relatedness in SPS
Tags are known to contribute to the evolution of cooperation. To investigate whether tags lead to cooperation in the SPS game, we look at the payoff associated with specific strategies as a function of r. The payoff values shown in Figure 1 where PD is the fraction of donor strategy D in the population, and π(S, D) is the payoff associated with a signaler/donor pair. The first sum in this equation describes how ST performs in relation to the four donor strategies. The second sum describes the same idea using the SN strategy. The lines in Figure 1(a) represent the signaling, nonsignaling and uniform donor population distributions that each pure signaling strategy plays against. These population distributions are used for PD, representing the distribution of a given donor strategy in the population. Therefore, Figure 1(a) represents the favorability of playing ST relative to SN against the three different population distributions. Figure 1(b) describes a similar property, where the favorability of playing DS relative to DN is calculated using different population distributions. Figure 1 6123. These parameters were carefully chosen such that if r falls within a given range, the honest signaling equilibrium can be reached. Figure 1 (a) suggests that it is more advantageous to play ST than SN, when DS is in the majority, because it has greater payoff. However, as r increases, the payoff for the signaler decreases. For the other two population distributions, SN has greater payoff. In fact, for both distributions we see identical lines. This can be explained by the equal distribution of donating strategies for both. When the distribution of the population is composed mainly of strategy DN, Figure 1(b) indicates that DN has slightly higher payoff than DS. Nevertheless, for the other two population distributions the lines cross x = 0, suggesting that DS overtakes DN when r crosses specific threshold values. This suggests that with the evolution of a higher value for r, payoff can be maximized for the donors when the signalers are uniformly distributed or when ST is the major strategy. Therefore, we hypothesize that tag values will evolve such that the score for the donor and signaler are maximized. This can occur at the intersections points of the two figures. We assume that signalers and donors will evolve tag values such that those intersection points are targeted. However, in a broader sense, we can say that the signaling equilibria are likely to emerge as ST and DS have maximal payoff against the opponent strategies in the long run.
For a cooperative system to emerge, the benefit to both donors and signalers needs to lead to mutual gain. However, as r decreases, the payoff for ST decreases. On the other hand, as r increases, the payoff for DS decreases. Thus there is a conflict of interest between the two strategies. Game theoretic analyses have derived a set of conditions under which these two strategies can coexist. Yet, if the value of r is evolved via tags, then this conflict of interest may lead to behavior akin to pursuer-evader dynamics.
Evolution of Strategies in SPS
We generate 25 parameter sets, including an optimal r, for honest signaling equilibria to emerge. In this experiment, we do not change r and keep it constant for all repeats of each set. We disable tag mutation and only let strategies evolve. By assigning a tag value of 1 to all donors and a tag value of 1-r to all signalers, we make sure that (1 − |tD−tS|) is the optimal r for signaling. Figures 3(a) and 3(b) show the distribution of strategies for signalers and donors, respectively, Figure 5 (a) confirm this observation on a greater scale. For these plots, we kept a count of the dominant strategy for all repeats for every parameter set initialized with a uniform population distribution. The dominant strategies over time are ST and DS (Figure 5(a) ).
Evolution of Tags in SPS
In this set of experiments, selection for strategies is muted and we only consider the evolution of tags with signaling, non-signaling and uniform population distributions. All tags are initialized with random numbers drawn from a uniform distribution. Since inclusive fitness is incorporated into the SPS game, the following equation of Hamilton's Rule applied to signaling equilibria holds Figure 2 shows the p-value of expected relatedness against Hamilton's Rule applied to signaling equilibria for all 25 parameter sets. The p-values are calculated by stacking up all repeats for each parameter set, and determining the time each population spends with an expected relatedness that lies within the signaling equilibrium. Expected Relatedness is defined as
where tD is taken over the tag values in the donor population, tS is taken over the tag values in the signaler population, and P is population size. It is used to describe the average relatedness between two populations. Figure 2 shows a decrease in p-value as the cost to benefit ratio of signaling increases. If the r value isn't within the range of the signaling equilibria such that the aforementioned equations hold, the p-value decreases and the population has fewer individuals playing ST and DS strategies throughout the 5000 generations. This means that the difference in tag values is outside of the ideal range of r values for signaling.
Apart from initializing tags with random numbers from a uniform distribution, we also tried different initialization techniques. Among these are tags with random numbers from a Gaussian distribution, tags with the same random number for the donors and another number for the signalers, tags with a value of 0.5 for both populations such that every member is related, and tags with a value of 1 for the signalers and 0 for the donors such that both populations are completely unrelated. Finally, for both populations, we also initialized tags with the ideal r value for signaling to emerge. Similar results to Figure 2 were observed.
Coevolution of Tags and Strategies
In this experiment, both strategies and tags are allowed to coevolve, with mutation rates of 0.05 and 0.10, respectively. Median filtering with a window size of 25 has been used to smooth Figures 4(a) and 4(b) , which show the change in distribution of strategies over time for the signaler and donor populations. latedness falls within the range of the signaling equilibria for the entire run. These plots resemble those in Figure 3 , and we cannot see a pronounced effect of tags. Figure 5 (b) show the dominant strategies over all runs initialized with uniform population distributions. This was calculated by counting the number of generations in which a strategy was dominant. For the signalers, SN and ST are the two common strategies that take over the population. For the donors, DN and DS are the strategies that are dominant for the majority of time. However, both histograms suggest that SN and DN are the primary strategies that emerge. Especially when we compare the subplots in Figure  5 , we can see that tags, instead of prolonging the dominance of ST and DS, shift the system towards uncommunicative populations. This suggests that tags might not be a sufficient mechanism to ensure the establishment of the honest signaling equilibrium under all parameter configurations.
In this experiment, we replaced tags with values randomly chosen from a uniform distribution for tag mutation. To confirm the validity of our results, we changed the implementation of tag mutation. Instead of replacing tag values, a value randomly chosen from a Gaussian distribution was added to the current tag value of the individual modulo 1.0. This implementation, based on the Gaussian mutation used in [4] , yielded similar results to those in Figure 4 and 5(b).
CONCLUSION
In this study tags are implemented similarly to previous studies on the emergence of tag-based cooperation [17] ; however, tags are used to directly encode the relatedness component of inclusive fitness in the SPS game. Inclusive fitness has been a long standing foundation of kin selection, and the corresponding explanations of evolved cooperative behaviors [7] . We find that, under parameter configurations which have been analytically and empirically determined to lead to honest signaling, populations with coevolving tagbased relatedness and player strategies only reach honest signaling equilibria for a subset of these verified parameter configurations. This supports recent arguments regarding the limitation of inclusive fitness theory [15] as a sufficient evolutionary mechanism to consistently explain the evolution of cooperation in the context of honest signaling. This suggests that the power of tag-based mechanisms may not simply be a result of their role in kin selection.
FUTURE WORK
Future work for this research include analyzing other Nash equilibria in the game, particularly inverse honest signaling, defined as the majority of signalers playing SH and donors playing DQ. Knowing the basins of attraction with respect to each parameter set, can help us choose parameters more carefully and favor runs where communication is likely to emerge. Additionally, studies should investigate the effect of tags on the dynamic stability and basins of attraction in the SPS game. 
